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SUMMARY 

The communications problems in  space flight differ f rom those on the 
ear th '  s surface in various ways, including the propagation properties of 
the atmospheres  encountered on a particular mission. Space flight com- 
munication may be able to utilize frequency regions of the spectrum to 
which the ear th  atmosphere is opaque and, perhaps,  wi l l  exclude the u s e  
of some  frequencies which are usefu l  in t e r r e s t r i a l  communications. 

A knowledge of submill imeter wave propagation through atmospheres 
must  be based upon three separa te  disciplines. These a r e  1) the study of 
the composition and physical s ta te  of thca tmosphere ,  2 )  the spectroscopy 
of the molecular species  involved and 3 )  the study of the effects of inter-  
molecular  interactions upon the nonresonant dielectr ic  behavior of com- 
pressed  gases.  j 

This  report  descr ibes  in severa l  more  o r  l e s s  self-contained chapters  
work in  the last two of these a reas .  According to the work statement 
(Appendix C), the work included(studies of the resonant peaks as well as 

/ the off-resonant regions of the absorption spec t r a  of atmospheric gases  at 
f requencies  up to 300 Gciand the ef for t s  wi l l  be extended under the t e r m s  
of a follow-on contract  toward higher frequencies. 

The study of the nonresonant dielectric behavior in the laboratory re- 
'qu i res  sensit ive absorption cel ls ,  and Chapter I of this repor t ,  descr ibes  
the development of a compact , practical  and precise  instrument equivalent 
to  an absorption cel l  severa l  hundred feet  long. The instrument is based 
upon the principles of Fabry-Perot  interferometry; i t  has  a sensitivity of 
tan 6 = l o e 8  and may be used for  spectroscopy as w e l l  as f o r  absorption 
measurements .  

Chapter  I1 deals with \absorption measurement in H 2 0  and i ts  mixtures  
in  the frequency region between 150 and 300 Gc. Section C of that chapter 
dea ls  with !a method fo r  evaluating the linewidth pa rame te r s  which has not 
hi ther to  been applied to problems of this nature. The resu l t s ,  reported in  
Section D of that chapter,  bring out a number of new features ,  notably a 
ve ry  l a rge  effect upon the wing absorption by p u r e  H 2 0  and C02.-l 

Chapter  I11 gives some ,prel iminary resul ts  for oxygen which indicate 
that H 2 0  - O2 mixtures  do not behave in an anomalous manner,-] 

xi 
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Chapter IV repor t s  work on the low p res su re  spectroscopy of 0 2 ,  H20,  
and NO2.1 In H20 severa l  l ines  were observed fo r  the first t ime and the 
transit ion frequencies located precisely.  Stark measurements  on some of 
these are reported.  The sea rch  for  rotational l ines in O2 has  not been 
successful so  far, and some difficulties encountered in the sea rch  are 
descr ibed in Section A. Several  groups of l ines have been found inNO2; 
efforts to assign these a r e  now in progress .  

. 

The work reported he re  has  concentrated on providing fundamental data  
of general  usefulness. The comments and recommendations in Chapter V 
emphasize this aspect  and point outiproblems in this area, which a r e  of 
interest  in connection with planetary atmospheres .  

Appendix A i s#a  critical survey of existing data on atmospheric absorp- 
tion. This appendix and i t s  references and the figures in it are completely 
self-contained. 

Compilations of data on atmospheric absorption as a function of altitude 
are included in  the references cited in Appendix A. The measurements  of 
this report  a r e  in close agreement with the values calculated by Schmelzer 
For convenience, these data a r e  quoted in Appendix B. 

xii 



I. A FABRY-PEROT TYPE RESONANT CAVITY FOR 
MICROWAVE SPECTROSCOPY 

A. INTRODUCTION 

The use  of resonant s t ruc tures  to observe molecular resonances and 
measu re  the associated absorption coefficients is not of recent origin (Ref- 
e rences  1, 2 ,  and 3) .  In the mill imeter wavelength region, however, the 
cylindrical waveguide cavities normally employed at lower frequencies 
a r e  limited in Q by wall losses  and mechanical tolerances.  This problem 
has  been greatly alleviated by the microwave equivalent of the Fabry-Pero t  
(F-P) interferometer  (References 4 through 8). 

The F-P interferometer  has  recently found application in laser technol- 
ogy (References 9, 10 and 11). A brief review of operating principles,  and 
resu l t s  of extensive analyses,  is appropriate a t  this point. 

The basic interferometer  shown in Figure 1 consists of two partially 
reflecting flat m i r r o r s  separated by many wavelengths. When illuminated 
by a monochromatic plane wave, resonances occur at half wavelength in- 
te rva ls  in m i r r o r  separation. 

Collimating 

Lens 1 

L 4 
/-- Partially Reflective Mirrors 

Collimating 

Horn 

F igure  1. F la t  M i r r o r  Fabry-Pero t  Interferometer  

1 



The Q of the interferometer  fo r  a given plate separat ion is limited by 
m i r r o r  l o s s  and diffraction loss beyond the m i r r o r  edges. M i r r o r  loss is 
a function of the resist ivity of the ma te r i a l  employed and the t ransmission 
coefficient of the m i r r o r s ,  each of which can be controlled without difficulty. 
Diffraction loss can be minimized by a proper  choice of m i r r o r  s i ze  fo r  a 
given m i r r o r  separation. However, slight misalignment of the m i r r o r s  
f rom parallelism wil l  drast ical ly  increase  diffraction lo s ses  and destroy 
the high Q obtainable with la rge  plate separat ions.  

To ease the m i r r o r  alignment problem a p a i r  of spherical  confocal mi r -  
rors may be employed as shown in Figure 2. The resonant modes that the 
result ing confocal resonator  can support are commonly designated by the 
notation TEMqmn 

where 

q = number of intergral  half wavelengths between m i r r o r s ;  

m = number of field r eve r sa l s  in a direction t r ansve r se  to the inter-  
fe rometer  axis of symmetry ;  

n = number of field r eve r sa l s  in a t r ansve r se  direction which is 
orthogonal to the direction assumed for  m .  

The integer q is very large(= 103)for high Q resonators  and is usua l ly  
omitted, resulting in a mode notation of TEMmn. 

The conditions of resonance fo r  a spherical  m i r r o r  resonator  are given 
by 

= 2q + ( l + m + n )  [1 --tan-'=] 4 
A 7r b + d  

where 

d = m i r r o r  separation 

b = m i r r o r  radius 

A = wavelength at resonance 

m,n,q = as defined above. 

When the m i r r o r s  a r e  separated by their  equal radi i  of curvature ,  b = d 
and the system is confocal. Under these conditions resonance occurs  when 



Partially Reflecting 
Spheric a1 Mirrors 

Confoc a1 Interferometer 
Mirror Radius (b) Equals Mirror Separation (d) 

Partially Reflecting 
Spherical Mi r ro r  
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b - ._ 
---_ - - -  -- - - -  - -  - 

- 

Semiconfocal Interferometer 
Radius of Curved Mirror (b) Equals 

Twice Mirror Separation (2d) 

F igure  2. Confocal and Semi-Confocal Fabry-Perot  In te r fe rometers  

Note that the quantity 4b/X of equation (2 )  must take on integral  values. 
This requirement is not imposed on 4d/ X of equation (1) as a condition for 

3 



resonance of a nonconfocal system. Also, the modes associated with the 
confocal system are degenerate in (m +n) .  This degeneracy is removed 
in the nonconfocal case.  Fo r  the dominant mode, m=n=O and equations (1) 
and ( 2 )  simplify accordingly. 

* 

The Q of the F-P resonator  in t e r m s  of the m i r r o r  spacing, d,  is given 
by 

Q = -  27T d 
aX (3)  

where cy is resonator  power lo s s  consisting of reflection loss ,  diffraction lo s s  
and lo s s  in  the propagation medium between the re f lec tors .  Since these lo s ses  
a r e  additive, Equation ( 3 )  can be used to determine the loss  of the medium by 
measuring the Q in vacuum, Q1, and the Q with a gas  as a propagation medium, 
Q2 , at known temperatures  and p res su res .  Under these conditions the power 
loss factor,  cy, of the gas  introduced can be obtained from the expression: 

1 -1 
- )  c m  I- - 

27T 1 

Ql 
cy = -  

A Q2 
(4) 

If "A" is the output of a square  law detector loosely coupled to the output 
of the F-P resonator ,  then Q1/Q2 = (A1/A2$ and equation (4) becomes 

27T [ ( A ~ / A ~ ) '  - I] cm -1 c y = -  
X Q 1  

When expressed in t e r m s  of db p e r  ki lometer ,  Equation (5)  becomes: 

( 5 )  

1 

[(A,/A,)' - 11 db/km 
27.27 x lo6  

c y =  

AQl 

where X is expressed in mil l imeters .  

Equation ( 5 )  implies that the effective path length of the F-P resonator  
is given by 

Ql E P L  = -. 
27T (7) 

The advantage of a high Q is apparent f rom Equations (5) through (7) 
when a measurement of very  low losses  is required.  F o r  a frequency of 
300 Gc (A = 3 .34  x feet)  and a Q of lo6,  the effective absorption path 
length is 530 feet. 

4 



* According to equation (3) this can be done with a semi-confocal inter-  
fe rometer  less than 2 feet in length, as opposed to a propagation waveguide 
cel l  530 feet in length. 

B. INSTRUMENTATION 

The semiconfocal interferometer  shown in Figure 3 w a s  designed fo r  an 
6 approximate unloaded Q of 10 . The m i r r o r  d iameters  were  not chosen to 

meet  the conditions set forth by Fox and Li9 for  the suppression of higher 
o r d e r  modes,  i.e., cr2/bh * 1 where 20 = m i r r o r  diameter  and b = m i r r o r  
radius  of curvature.  Instead, in order  to accommodate frequency changes 
m o r e  easi ly ,  a constricting iris of Viton vacuum s e a l  rubber  w a s  used to 
provide a c i rcu lar  opening slightly l a rge r  than the beam s i ze  at the mid- 
point between the ref lectors .  In addition, a bakelite dielectric tube of 6 
inches d iameter  and 3/16 inch w a l l  thickness w a s  mounted coaxially in the 
iris. The combination of lossy  iris and dielectr ic  tube served  to suppress  
modes higher than the fundamental TEMoo mode and minimize reflections 
f rom the vacuum chamber walls. 

The semiconfocal m i r r o r  separation is 24 inches and the m i r r o r  diam- 
e t e r s  are 9 inches. The radius  of curvature of the curved m i r r o r  is 48 

F igu re  3. Photograph of Interferometer Removed f r o m  Vacuum 
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inches.  M i r r o r s  were  optically ground f rom stainless  s tee l  blanks to a 
sur face  tolerance of a few microns,  gold plated, and polished. The curved 
m i r r o r  is mounted on a threaded steel shaft (80 threads pe r  inch) to fac-  
i l i tate tuning the interferometer .  

Input and output RG-  135/U waveguides w e r e  coupled into the interfero-  
m e t e r  as close to the center  of the flat m i r r o r  as possible. These wave- 
guides were initially terminated in c i r cu la r  i r i s e s  in an attempt to couple 
as loosely as possible to the interferometer .  However, i t  w a s  found that, 
because of the low R F  power sources  available, the waveguide i r i s e s  had 
to be removed in o r d e r  to obtain sufficient signal-to-noise ra t io  a t  the de- 
tec tor .  

A photograph and typical block diagram of the measurement  system a r e  
shown in Figures 4 and 5. Instruments a r e  referenced by number and l isted 
in Table I. 

C. MEASUREMENT PROCEDURE 

The basic measurement  procedure is directed toward the use  of Equa- 
tion (6)  to determine the loss, CY, of w a t e r  vapor a s  a function of w a t e r  vapor 
density and p r e s s u r e ,  using nitrogen, oxygen and carbon dioxide as the 
foreign gases.  

F i g u r e  4. Photograph of Complete Measurement System 

6 
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The vacuum chamber is f i r s t  evacuated with the fore  pump to a p res su re  , 

of about 2 5  to 30 microns.  The evacuated Q of the in te r fe rometer  (Q1 of 
Equations 5 and 6 )  is then measured.  This is accomplished by displaying 
frequency m a r k e r s  ( ze ro  bea ts )  on the face of an oscilloscope along with 
the detected output of the interferometer .  

A s  the mil l imeter  wave klystron (60V10) is l inear ly  swept with a sawtooth 
ref lector  modulation voltage, the frequency response of the in te r fe rometer  is 
displayed on the oscilloscope. AS shown in Figure 5, the swept frequency out- 
put of the p r imary  R F  source  (6OVlO klystron) is sampled by a directional 
coupler p r i o r  to multiplication from 60 Gc to 180 G c  in the c ros sed  guide 
harmonic generator feeding the in te r fe rometer .  A z e r o  beat is then produced 
between the sampled 60 G c  swept signal and the sixth harmonic of a phase 
locked Varian X- 13 klystron as shown in F igure  5. 

By adjusting the frequency of the 100 m c  signal genera tor  in the phase- 
lock loop of Figure 5, the frequency of the X-13 klystron can  be adjusted to 
place the ze ro  beat at  the maximum and the half power points of the displayed 
interferometer  response curve.  The frequency of the 100 Mc signal generator  
is measured  with a frequency counter as shown, permitt ing the determination 
of the OK1 60V10 frequency to an accuracy of one par t  in lo8. These data  
w e r e  used to determine Q1 and A of Equation (6).  A photograph of the inter-  
f e romete r  response showing the z e r o  beat m a r k e r  is shown in Figure 6.  

Once Q1 and A have been determined with the above procedure,  w a t e r  vapor 
is introduced into the vacuum chamber containing the in te r fe rometer  by open- 
ing the water  f lask  valve on the manifold until the des i red  par t ia l  p re s su re  

Figure 6 .  Oscilloscope Display of Interferometer  
Response Showing Ze ro  Beat Marker  on 

Second T r a c e .  Frequency = 183.3 Gc 

a 



* (density) is obtained. By so  doing, the dielectric constant of the medium be- 
tween the interferometer  m i r r o r s  wi l l  change and the interferometer  tuning 
mus t  be slightly adjusted by changing the m i r r o r  separat ion to maintain a 
resonant condition. As a resul t  of water  vapor loss, the detected output of 
the in te r fe rometer  w i l l  be reduced from AI ,  corresponding to an evacuated 
condition, to A2, corresponding to the reduced sys tem Q. The amount of this 
reduction is determined by removing enough video attenuation with the l inear  
helipot to br ing the output response back to its original level.  The rat io  of 
helipot sett ings then corresponds to the required ra t io  A1/A2 of Equation (6),  
and the loss, cy, can be calculated. 

I 
I 
i 
I 

I 

In addition to water  vapor loss versus  altitude (p re s su re )  fo r  various 
densi t ies ,  these data may be used to determine self-broadening and foreign 
gas  broadening parameters  for  water vapor as described elsewhere in this 
repor t .  

I t  should be noted that retuning of the interferometer  is required each 
t ime the p re s su re  is changed. The tuning adjustments resu l t  in a total change 
in m i r r o r  separation of about 0.025 inch. Because of the l a rge  initial m i r r o r  
separat ion (24 inches) this retuning wi l l  produce a Q change less than 0.1 
percent.  This  e r r o r  can be ignored compared to the e r r o r  in Q measure-  
ment  discussed in the following section. 

The  use of a Varian VA-714E klystron operating a t  150 Gc eliminated 
the need for  a c r o s s  guide harmonic generator  and resul ted in m o r e  power 
a t  the interferometer  input waveguide terminals .  However, frequency m a r k e r  
( z e r o  beat)  generation w a s  not possible using the technique described above. 
This  was due to the la rge  multiplication (x 15) required of the X-band phase 
locked frequency. 

As a resu l t ,  the m a r k e r  generator system shown in  Figure 7 was em- 
1 1  ployed as a unique method fo r  producing a s e r i e s  o r  fence ' '  of zero  beats  

of accurately known separation. These ze ro  beats are obtained by mixing 
the harmonics  of a s table  unit oscil lator (Nxf,) with the swept 30 mc IF 
signal derived from the VA-714E klystron and the phase locked X-13. The 
swept 30 Mc IF signal is obtained by harmonic mixing the sampled output 
of the VA-714E klystron with the fifteenth harmonic of the phase locked 
Varian X- 13 klystron. By adjusting the unit osci l la tor  frequency, fm ,  a 
z e r o  beat  can be placed at each of the half power points of the displayed 
resonance response of the interferometer .  The width of the response curve 
is then given direct ly  by the unit oscil lator frequency as measured  with a 
frequency counter. 

The  frequency of interferometer  resonance is obtained by adjusting the 
unit osci l la tor  to 30 Mc (or  some known sub-multiple thereof) and adjusting 
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. the X-13 frequency (obtained f rom the frequency counter) until a z e r o  beat 
is superimposed on the peak of the response curve.  With the aid of the 
wavemeters  to obtain multiplication factors,  the frequency of the VA-7 14E 
can be determined to one pa r t  in lo8 at  the peak of the interferometer  
response curve.  A photograph of the oscilloscope t r ace  of the interfero- 
me te r  response at 150 Gc and the zero beat m a r k e r s  is shown in F igure  
8. The interferometer  response a t  300 Gc (second harmonic of VA-714E) 
is shown in  F igure  9. 

F igure  8. Oscilloscope Display of Interferometer  
Fence' '  on I '  Response Showing Ze ro  Beat Marker  

Second Trace .  Frequency = 150 Gc 

Figure  9. Oscilloscope Display of Interferometer  
Response a t  300 Gc. Q = 330,000 
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D. MEASUREMENT ERRORS 

Repetitive measurements  have shown that, fo r  a given loss, the position 
of the oscilloscope t r ace  can be repetitively r e se t  to a given position on the 
face of the oscilloscope to within 0.5 percent of the helipot digital readout. 
This  e r r o r  in amplitude is equivalent to an e r r o r  in amplitude rat io  A1/A2 
= 1.005. The e r r o r  in the loss corresponding to this ra t io  e r r o r  can be 
obtained from Equation (7 )  a s ,  

4 6.82 x 10 A C Y  = f 
l Q 1  

At 183 Gc, A = 1.64 mrn and when Q1 = 3 x lo5 ,  Acu = 0.14 db/kilometer. At 
300 Gc, the corresponding e r r o r  is 0.23 db/kilometer. 

Since frequency is measured to an accuracy of one par t  in 108, the contri- 
bution of wavelength to measurement  e r r o r s  is negligible. The contribution 
of e r r o r s  in the measurement  of Q l ,  however,  is significant, and w i l l  pre-  
dominate over amplitude and wavelength e r r o r s .  As a resul t  of repeti t ive 
measurements ,  it  is estimated that the e r r o r  in measuring Q by the method 
described in section C is approximately 5 percent,  resul t ing in an equivalent 
e r r o r  in l o s s ,  CY. 

therefore ,  wi l l  be approximately 
The total maximum e r r o r  of measurement  f rom all sou rces ,  

E = k (ACY + 1.05 CY) db/kilometer (9) 
CY 
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11. LOSS MEASUREMENTS IN BINARY GAS MIXTURES 
CONTAINING H 2 0  A S  ONE CONSTITUENT 

A. INTRODUCTION 

The  microwave absorption of water vapor and i t s  mix tures  with other  
g a s e s  has  received a g rea t  deal of experimental and theoretical  attention 
over  the past  20 years .  Measurements have been interpreted on the bas i s  
of the equations of Van Vleck and Weisskopf (1945) (Reference 1 2 )  and Van 
Vleck (1947) (Reference 13). Various values of the linewidth parameter  
Av/p have been quoted to bring measured values of the absorption into 
agreement  with theory, and i t  has  been suggested that the wing absorption 
may  be character ized by a different parameter  than the line centers .  

The data of Becker and Autler (19461, (Reference 14) for  example, can be 
interpreted by assuming a Av/p of 4 Mc/mm Hg for H 2 0  - N2 collisions in 
the center  of the l ines and a parameter  of about 18 Mc/mm Hg in the wings. 
More  recently Rusk (1965) (Reference 15) has  shown that low p r e s s u r e  
measurements  a t  the line center  a r e  consistent with linewidth pa rame te r s  

. of 4 Mc/mm and 20 Mc/mm f o r  H 2 0  - N2 and H20 - H 2 0  collisions r e -  
spectively. E a r l i e r  data by Tolbert and his collaborators ( 1958- 1963) 
(References  16, 17, and 18) had produced pa rame te r s  varying between 7 
and 11 Mc/mm f o r  H20  - N2 collisions and the suggestion that some anom- 
‘alies might be caused by undiscovered l ines  near 120 Gc. 

One difficulty i n  reconciling these data  l i e s  i n  the var ie ty  of experimental  
conditions under which the measurements  were  made and i t  has ,  therefore,  
not been possible to obtain a single expression which would permit the cal-  
culation of the microwave attenuation through mixtures  of gases  containing 
wa te r  vapor . 

In  the present  r e sea rch  the microwave attenuation a t  frequencies between 
120 and 300 Gc was  measured  f o r  various pure  gases  and synthetic gas  mix- 
t u r e s  i n  a Fabry-Pero t  resonant cavity capable of detecting l o s s  tangents 
of tan 6 % 0.1 x 
i n  pu re  H 2 0  vapor and i t s  mixtures  some distance into the wings of the 
l ines  and i t  became possible to sor t  out the various contributions to the 
linewidth pa rame te r s  so that a reasonably versa t i le  formula f o r  the absorp-  
tion could be established. It tu rns  out that the collision pa rame te r s  i n  the 

This  sensitivity allowed the determination of l o s ses  
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center  of the l i n e s  a t  high p r e s s u r e s  a r e  c lose to those measured  by Rusk 
at  low p res su res  and predicted theoretically by Benedict and Kaplan (1959) 
(References 19 and 20). The background absorption is substantially higher 
than calculated by Van Vleck and can  be approximately represented by a 
t e r m  four times the theoretical  value i n  H 2 0  - N2 collisions. This  t e r m  
does, however, a l so  contain contributions f rom H 2 0  - H20 collisions which 
a r e  very much m o r e  efficient i n  causing absorption i n  the background. A 
linewidth parameter  as high as 200 Mc/mm must  be assumed.  Of course  
the equations of Van Vleck and Weisskopf are not valid over  all of this 
region since the linewidth pa rame te r s  can  c lear ly  not be regarded as con- 
s tan t .  For this reason  i t  is convenient, though probably no more  co r rec t ,  
to represent  the absorption l ines  by individual Lorentz t e r m s  and the regions 
i n  between by t e r m s  proportional to powers of various pa rame te r s  such as 
frequency and pressure .  The purpose of the present  r e sea rch  then may be 
restated to be the determination of the coefficients of the var ious t e r m s .  

- 

B. EXPERIMENTAL METHOD 

The principles of measuring l o s s  tangents i n  resonant, t ransmission 
type cavities are well  established (J. C. S la te r  (1946) (Reference 21). Three  
basic types of measurements  a r e  possible: 

Measurements 

Measurements 

Measurements 

of optical pathlength 

of transmitted power 

of response shape (Q). 

The extraction of absorption data f rom the dispers ion measurements  is 
r a the r  difficult and f o r  this reason only the power and shape measurements  
were  used in  this  work. A s  pointed out by G. Birnbaum (1954) (Reference 
22)  these two measurements  a r e  independent so far as various instrumental  
difficulties are  concerned and a simultaneous measurement  of the t r ans -  
mission changes and the Q changes on admitting a gas ,  therefore ,  provides 
a sensit ive check on the l inear i ty  of the apparatus .  On the other  hand, change 
i n  amplitude c a n  be measured with much g r e a t e r  sensit ivity than Q changes 
so that this crosscheck is available only n e a r  the absorption l ines  where the 
losses  are large. 

By employing various refinements i t  is possible to read the amplitudes 
to 0.3 percent (L .  Frenkel,  1964) (Reference 23). Details of the performance 
of the instrument a r e  given under Reliability and Accuracy, below. 1 1  1 1  
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C. DATA EVALUATION 

T o  d iscuss  various experimental procedures which were  employed i t  is 
necessary  to start with an assumed equation fo r  the absorption. The fol- 
lowing expressions fo r  the loss tangent and the absorption coefficients, 
respectively, s e rve  this purpose: 

W 
v k p'  t 12 w 

+ 2 
V ow 

cy 12 cy V v ko 

p1 ( V - V ~ ~ ) ~  + (kyz  pAl2 
- c a p  - -  and 

02 

2 w  
k 1 2 5 1  

4- c; 3 
V ow 

The  f i r s t  two t e r m s  represent  the two absorption l ines in the region of 
in te res t ,  i.e., at vO1 = 183.31 and vO2 = 325 Gc. The last t e rm takes 
c a r e  of the background in  first approximation. The pr imed p res su res  a r e  

effective" p r e s s u r e s  to be compiled as below: I I  

and 

where p1 is the par t ia l  p r e s s u r e  of H 2 0  and p2 that of the foreign gas. The 
constants CO may  be calculated using theoretical  l inestrengths (King, 
Hainer  and Cross ,  1947) (Reference 24). The constants Cw may be adjusted 
so as t o  agree  with the corresponding values given fo r  the background by 
Van Vleck. At  a temperature  of 300°K 
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-9 -7  
Ct = 1.52 x 10 -9 t Co2 = 1.26 x 10 t col = 3.53 x 10 

W 

a = 0.0586 Co2 = 0.0374 Ca = 2.55 (db/km) c; 1 W 

CY is then given in  db/krn. The frequency vow has  been chosen as 1S3.31 Gc. 

To determine the constants k i n  Equation (12) one can select  regions of 
frequency and p res su re  where only one or two of the constants a r e  impor-  
tant. In the wing region, for  example, only the las t  t e r m  is important. 

For pure H 2 0  Equation (12b) becomes 

I -  k;l 
P 1 W  

k12 

- 
pW 

so that from (12a) 

kW 
U Ct - 

p1 w 2 11 
tan6 = 

V ow 

b W since C, , v and v o w  a r e  known k l l  can be determined f rom a straight 
line plot of t a n 6  against ( ~ 1 1 2 .  

To determine kw one has ,  a t  high par t ia l  p r e s s u r e s  of the foreign gas: 12' 

s o  that 

tan6 - C, c) 

1 0  0 V W  

I n  this case tan6' depends l inearly on p1 and p2 but the rat io  of p2/p1 must  
be kept large to make the approximation Equation (15) valid. 

Near the line at 183.3 1 Gc the f i r s t  t e r m  i n  Equation ( 10) predominates 
and for pure H 2 0  then 
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, 

k;l 
Ct  2 

( v - v  ) +(k( l l  
p1 01 tan6 = 

0 

because of the p1 dependent t e r m  i n  the denominator i t  is i n  general  incon- 
venient to work with Equation (17). Two avenues are open. One is to r e -  
a r r ange  Equation (17) as 

leading to a l inear  relation between (tand)-' and p ~ - ~ .  The other  consis ts  
of increasing ( v  - v o )  i n  Equation (17) until i t s  square is an  o r d e r  l a r g e r  
than the la rges t  expected value of (kyl  pl)2.  

Since tan6 becomes quite la rge  in  the f i r s t  approach and since power is 
general ly  limited, the second approach is preferable.  In this case,  however, 
the background t e r m  is no longer negligible and must be taken into account. 
This  leads t o  

0 W P lo t s  of tan- versus  p12 permit  evaluation of k l  provided that k l  has  
been determined previously (Equation 14). 

w w  0 0 With k l l ,  k12, and k l l  determined, i t  becomes possible to measure  k12 
and the line strength independently as follows: Near  the line at 183.31 the 
l o s s  tangent for  a fixed p1 and v becomes 

and is seen  to be a symmetr ica l  function of log p6 with a maximum given 
by 

t V - 
tan6 max - PlC0 2 ( v - v 0 )  
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c 

when 

0 
ko p '  = v - v  12 0 max 

Equation ( 18a) depends only on wel l  known frequencies and the par t ia l  
p r e s s u r e  p1 of H 2 0  which remains constant as the foreign gas  is added so 

the other  hand, depends only on the frequencies v and v o  and the p re s su re  
pb max at which the maximum loss  occurs .  A s  Equation (19) shows, pi, max 
becomes quite smal l  as v approaches v o  so that i t  is sometimes preferable 
to compromise by working a little fur ther  in  the wings and adding a co r rec -  
tion t e r m  for the background. 

that Co t can be compared to theory independently of kT2. Equation ( 19)' on 

D. RESULTS 

W Figures  10 and 11 show some data taken fo r  the determination of k l l  
and kyl, respectively. Using Equation ( 17b) at various frequencies, 
kyl was found to be 2 2  Mc/mm and k y l  about 200 Mc/mm. Other data 
taken supported this la rge  value but the precision of the measurement  of 
kyl is subject to a number of systematic  e r r o r s  which a r e  hard to detect. 
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Figure 12 gives a plot of tan6 for  fixed values of p1 and p2 as a function 
- of frequency. Using Equation (16),  ky2 could be determined to be 18 Mc/mm. 

l- 

2 

9 

x 
'a 

k 

4 

Legend + Becker and Autler (1956) 
This Work 3 t .  2 

v - Gc 

Figure  1 2 .  Tan 6 '  ver sus  v, p 1  = 15 mm, p2 = 800 m m  of N2 
(See Equation 16)  
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Two groups of data were  taken f o r  the determination of ky2 with N2 i n  - 
o r d e r  to  detect any deviations f r o m  the assumed shape factor.  One group 
of measurements  w a s  made at  fixed frequencies approximately 100 to 200 
Mc f rom the center  of the l ine  a t  183.31 Gc using values of p1 of 1 to 2 mm 
and up to 300 m m  of the foreign gas. In these data tandmax was  used to 
determine the exact p r e s s u r e  of H 2 0  by means  of Equation (18a) since 
this  way of determining sma l l  p r e s s u r e s  w a s  found preferable  to the 
Dubrovin gauge. Using the attenuation by pure H20 measured as the f i r s t  
point of each set  of measurements  i n  this  group, w a s  careful ly  de t e r -  

13 shows typical mined as well as kyz which is independent of pl .  
curves  of tan6 ve r sus  the loglo of pb. 

r 
- - = +115 mc p1 = 1.24 mm 

p1 = 1.32 mm 
0 

+-+ 
- "0 = -11' mc 

Loglo PA 

Figure  13. Tan 6 ver sus  Log p'  for N2, T = 300°K 

The second group of measurements  w a s  made at  frequencies between 
1 and 3 Gc f rom l ine center  and he re  cor rec t ions  for the background w e r e  
necessary.  On the other  hand, the par t ia l  p r e s s u r e s  of H 2 0  used i n  this  
region ( 15mm) could be determined accura te ly  and the l i n e  strength could 
be compared to theory. Figure 14 shows a se t  of data together with the 
background corrections.  
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Tables  Ia and Ib give summaries  of resu l t s  i n  these two groups: 

TABLE Ia 

Results for Group 1 Measurements 
(100 to 200 Mc from the Line Center at 183.31 Gc) 

" G c -  "01 p1 ky2 kyl  kyl/kyz tandmax 
(mm/Hg) Mc/mm Mclmm Mc/mm Percent log 

+0.310 2 4.7 21 4.5 
tO.180 1 4.8 30 6.2 
+0.110 4 (4.3) 24 (5.6) 
+o. 110 1 (4.6) 25 (5.0) 
+O. 115 1 4.6 24 5.2 
+0.115 1 (4.7) 25 (5.3) 
-0.2 10 1 4.7 24 5.1 
-0.170 2 4.7 19 4.0 
-0.182 2 (4.3) 28 (6.5) 
-0.117 1 4.7 22 4.7 

1.23 
1.17 
1.20 
1.20 
1.21 
1.18 
1.15 
1.00 
1.30 
1.25 

' ~ 

4.7 24 5.0 > 

TABLE Ib 

Results for Group 2 Measurements 
( 1  to 3 Gc from the Line Center at 183.3 1 Gc) 

-2.7 10 4.0 21.0 5.2 97 1.14 
-2.7 16 4.1 24.5 6.0 91 1.00 
+2.3 10 (4.3) (17) (4.0) 98 1.04 
+2.3 15 4.3 24 5.6 98 1.00 
+3.0 18 4.3 19 4.4 119 0.9 
-1.3 1 9  41.  I 3.0 IUU 1.ua 

< 4.1 22.0 5.4 100 1.02 > 

* Thie column gives the 1/2 amplitude width of the tan6 vereu8 loglop 
curves i n  unite of loglop. 
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The sixth column gives the value of tanbmax i n  t e r m s  of a percent value . 
compared to theory. In Table Ia this  column is left blank since 100 percent 
agreement  w a s  assumed.  The values i n  parentheses  were  adjusted on the 
bas i s  of the correct ions that had to be applied to p1 and are not counted i n  
the averages i n  the bottom rows. 

I t  is not possible to ascr ibe  the difference between ky2 as measured i n  
group 1 and group 2 experiments definitely to the lineshape since a n  e x -  
per imental  e r r o r  of f5 percent can not be excluded. For the present  these 
values wi l l  be averaged i n  the overal l  resu l t s  i n  Table 11. 

TABLE I1 

Linewidth P a r a m e t e r s  in  Mc/mm 

.H 0 
2 N2 c02 O2 

22 f 2 k; 1 

200 f 40 k;l 

k;2 
4.4 f 0.2 6 f 0.3 2.7 f 0.2 

- 19 f 2 65 f 7.0 

Figure  15 gives the absorption calculated by Equation ( l b )  using these 
values over the range Prom 10 to 300 Gc. 

E. RELIABILITY OF THE DATA 
AND LIMITATIONS OF THE APPARATUS 

In this  section, various l imitations of the apparatus  will  be discussed 
and the effect these l imitations have on the reliabil i ty of the data which 
have been reported. The fac tors  limiting the reliabil i ty of the data may be 
divided into severa l  groups. In each group e r r o r s  can be a s ses sed  by in-  
dependent experiments. The groups to  be  considered are: 

1 P r e s s u r e  measurements  - 
2 Q measurements  - 
- 3 Stability of components Over the period of a measurement  
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1. P r e s s u r e  Measurements  

P r e s s u r e s  i n  the range f r o m  0 to 20 m m  of Hg w e r e  read on a Dubrovin I 
I 

gage having a l inear  scale  f r o m  0 to 20 m m  graduated i n  l inear  increments  
of 0.2 mm. The gage was  calibrated a t  i t s  upper  l imit  against a mercu ry  
manometer and against a quartz Bourdon-tube a t  5 and 10 mm. The Bourdon 
gage was unfortunately not available during the experiments  and the Dubrovin 
gage could not be rel ied on a t  low p r e s s u r e s  where gradual  shifts  i n  the ze ro  
reading and sticking created an uncertainty i n  the o r d e r  of 0 . 3  m m  of Hg. 
A s  explained in  the text, i t  was,  therefore,  necessary  to re ly  on calculated 
line strength to determine the p re s su re  of H 2 0  below about 5 m m  of Hg. 
This  limitation prevented the accurate  investigation of l i n e  shapes near  
the line center and generally imposed a limitation of about 3 percent on the 
measurements  of kf'1 and tanma,6. It is entirely probable that a number 
of interesting features  of the tan6 ve r sus  log p cu rves  a r e  masked by this  
unc e r t  a in t  y. 

I 
I 
I 
1 

2. Q Measurements 

Q measurements  are  needed in  both methods (Q and amplitude) and must  
be made before each serles of measurements .  In  general ,  i t  was possible 
to measure  the frequency interval  between 1/2 power points repeatedly to 
about f 3  percent. However, the values obtained varied sensitively with 
coupling changes that occurred as a resul t  of mechanical operations made 
on the cavity, e i ther  i n  intentional adjustments o r  during pressurization. 
These  changes often amounted to f 1 5  percent of the init ial  se t  of readings. 
It is very doubtful that such la rge  changes actually occurred during a 
measurement s e r i e s  o r  that they were  systematic  enough to affect the 
average resul ts  of repeated measurements  by m o r e  than 5 percent. The 
origin of the sensitivity to mechanical influences l i e s  pr imar i ly  i n  the 
relatively tight coupling into and out of the cavity. A s  m o r e  power be- 
comes  available a higher insertion lo s s  and l e s s  coupling is feasible.  The 
value of Q affects measurements  of line strength but not the values of k. 

3 .  Stability of Components 

The stability of power generating and t ransmit t ing components as well  
as that of detectors and multipliers imposes l imitations on the ult imate 
sensitivity of the apparatus.  In principle, i t  is possible to read the am- 
plitude of the cavity response curve on the oscilloscope to bet ter  than 
0.2 percent. This  value a t  a QO of 330,000 r ep resen t s  a value of tan6 given 
by 

- 8  tan6 = - -1z 3 x  10 
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'To uti l ize this sensitivity requi res  that power generating, transmitt ing and 
detecting components must have stabilities in  the same o rde r .  In general ,  
this is not the limiting factor since the changes i n  Q and t ransmission r e -  
sulting f r o m  p r e s s u r e  changes i n  the cavity cause l a r g e r  fluctuations. For 
some self-broadening measurements  at ve ry  low p res su res ,  where lo s ses  
a r e  sma l l  and the Q is stable, stability of components become important. 
I t  was  possible to achieve the required high degree of stability fo r  each 
measurement  only a f te r  days of painstaking efforts and improved mm-wave 
components would open the way for  a number of interest ing investigations. 

4. Stability of the Cavity and its Windows 

The  most  severe  limitations upon sensitivity and precision were  imposed 
by changes in  insertion lo s s  as a result of mechanical deformation of the 
cavity, the tuned coupling arrangements  and the windows. When a lo s s  - 
l e s s  gas (He o r  N 2 )  w a s  admitted to the cavity, both a r b i t r a r y  and system- 
atic changes in transmissiori occurred. Such changes generally amounted 
to 2 percent of the initial transmission o r  to an apparent l o s s  given by 

- 7  
tan 6 f3 x 10 

the values of tan b a t  these p re s su res  during measurements  of kY2 were  of 
the o r d e r  of 30 x 
These e r r o r s ,  however, were  not systematic,  so  that they could be averaged 
out. 

so  that 10 percent e r r o r s  were  generally expected. 

A m o r e  ser ious  problem occurred during the measurement  of ky2, where 
the tan6 was of the o rde r  of 1 to 3 x Here  the e r r o r s  i n  each meas-  
urement  could exceed the measured quantity and i t  became necessary  to 
make special  and laborious efforts to stabilize the cavity and to eliminate 
the a r b i t r a r y  changes in  transmission. The remaining systematic  changes 
with p r e s s u r e  were  taken c a r e  of by calibration. 

5. Frequency Measurements  

T h e  denominators of the first two t e rms  in  Equations (10 and 11) depend 
on ( v  - v o )  and near  resonance this is a cr i t ical  quantity. Frequency could 
be measured  to 1 cps  i n  108 cps.  The smal les t  value of ( v  - v o )  used w a s  
0.1 Gc o r  0.1 in 200 compared to v o .  Frequency measurements  therefore  
imposed no limitation in t h i s  work. 

6 .  System Linearity 

System linearity w a s  carefully checked by attenuating the power supplied 
to the cavity by known amounts and observing the cavity response on the 
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scope. The attenuator was i n  turn calibrated independently at various power 
levels.  I n  addition to these checks the u s e  of the amplitude and Q methods 
a s  a c r o s s  check over  a power range of 18 db eliminated the possibility of 
g r o s s  e r r o r .  

7. Gas  Puri ty  

Two sources  of e r r o r  a r e  to be considered under this  heading - the purity 
of the water vapor and that of the foreign gases  used. 

The vacuum sys tem was  not built f o r  high vacua and the improvised 
tunable couplings often caused minor  leaks.  The water  vapor, therefore,  
frequently contained some air. This  problem could be controlled by flush- 
ing the system with H 2 0  vapor before a c r i t i ca l  experiment. To check 
whether a given charge in  the cavity was sufficiently pure,  a gas  sample 
w a s  compressed i n  a McLeod gage and the residue measured.  

Cri t ical  measurements  with foreign g a s e s  presented m o r e  of a problem. 
Thus,  i t  was necessary to ascer ta in  that 800 mm of a foreign gas  did not 
contribute a lo s s  to the very  smal l  loss expected in  wing measurements .  
T o  check this point 800 mm of the gas  were  admitted while observing the 
amplitude of the Q curve.  This  invoked all the problems enumerated under 
4 a s  well as  possible changes in t ransmission due to the retuning of the 
m i r r o r s .  (The m i r r o r s  were retuned to compensate for the dielectr ic  con- 
stant of the gas . )  Of the gases  used, only C 0 2  had any measurable  l o s s  a t  
300 Gc. 
due to the quadrupole moment of the C02 molecule. In measurements  with 
COz the loss  due to the C02 in the cavity had to be subtracted f rom the 
lo s ses  measured for  the mixtures.  

This l o s s  was presumably attributable to the induced absorption 

F. DISCUSSION 

I n  discussing the measurements  reported h e r e  and i n  comparing them 
to other work, i t  is necessary  to r e s t r i c t  oneself to a consideration of those 
efforts that were  specifically directed a t  the linewidth pa rame te r s  i n  the 
microwave region. The constants ky2 and kyl were  measured in  a n  absorp-  
tion cel l  at very low p r e s s u r e s  by Rusk (1965). He found the values k72 = 
3.78 and kyl = 19.1 for N 2  and H20,  respectively,  f o r  the line at 183.31 Gc. 
Becker  and Autler,  using a nonresonant cavity nea r  the 22.3 Gc line a t  much 
higher p re s su res  found near ly  the s a m e  values (kT2 = 3.58, k l l  = 14). In 
addition their da t a  i n  the wings may be interpreted as indicating a k72 z 18, 
as pointed out by Van  Vleck. One can i n  fact  pursue the ma t t e r  even fur ther  
and derive f r o m  their  data a f igure f o r  kyl.  The experiments of Becker  and 
Autler were conducted at two par t ia l  densi t ies  of HzO, 10 gr /meter3  and 50 
gr /meter3  and i t  was noted that the wing absorption at the low density r e -  

0 
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. quired a background t e r m  four t imes a s  high as calculated on the bas i s  of 
ky2 = 3.6 Mc/mm and at  the high density a factor  of 6 w a s  required to recon- 
cile theory and experiment. Assuming that their  observations a r e  due to  
kyl we  find thus that 40 m m  of H 2 0  a r e  approximately one half as efficient 
a s  750 m m  of N2 so that, v e r y  approximately 

W 750 - - 130 Mc/mm 

A m o r e  
N2, O2 and 
a value for  

0 prec ise  calculation, taking into account the values of k12 f o r  
the effective p r e s s u r e s  of the various mixtures  involved gives 
kyl of 140 Mc/mm. 

The general  features  emerging from this  and e a r l i e r  work are thus i n  no 
doubt. They may be summarized as follows: Near  the microwave absorp-  
tion l ines  the lineshape is Lorentzian and a l so  consistent with the theory 
of Van Vleck and Weisskopf. The linewidths fo r  self-broadening and f o r  
foreign gas  broadening are h e r e  i n  close agreement with the Anderson 
(1949) (Reference 25) theory as calculated by Benedict and Kaplan ( 1959) 
(Reference 19). In the wings of the l ines,  on the other  hand, the absorption 
is substantially l a r g e r  than predicted by these theories  but can be recon- 
ciled with the lineshape theory of Van Vleck and Weisskopf on the assump- 
tion of much l a r g e r  linewidth parameters  than those found near  the l ine 
centers .  For  pure  H 2 0  vapor, i n  particular,  this pa rame te r  reaches  the 
enormous value of 200 Mc/mm. 

There  is a suggestion i n  the data that the value of ko f o r  a given mixture  
m a y  be empirically related to  the corresponding value of kW. Thus, i t  may 
be seen  f r o m  Figure 16 that the total absorption i n  the center  of the l ines  
'is approximately independent of the mixture  used; this is t rue  even fo r  a 
hypothetical broadener  s imi l a r  to H 2 0  in  its charac te r i s t ics .  It should be 
noted that this independence is t rue only at  one p r e s s u r e  of the broadener  
s ince  the background and the l i n e  depend, respectively, l inear ly  and in-  
ve r se ly  on the values of p 'ko  and p'kw. F o r  any two sys t ems  i t  is there-  
fo re  always possible to find a pressure  at which the peak absorptions of a 
given l ine  wi l l  be equal. Whether the peak absorption f o r  all other  broad- 
e n e r s  will then a l so  have the same value o r  whether this apparent i somet ry  
is purely accidental is an open question inviting some fur ther  work. 

It is probable that there  exis ts  a transit ion region where the theoretical  
l ine shape breaks  down and where the linewidth pa rame te r  loses  i t s  mean- 
ing. It is not the purpose of the present report  to examine this ma t t e r  
fu r the r  but i t  s eems  a challenging task i n  view of the fact that the integrated 
absorption of a given gas mixture  must obey cer ta in  dicta of spectroscopic 
stabil i ty.  
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Figure 16. Absorption Coefficient Q for Various Gas Systems, 
= 15 mm, p2 = 750 mm P 1  

It remains only to compare group 1 and group 2 results for the line at 
183.31  Gc to each other and to the results of Rusk. This is done in Table 
111. 
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TABLE I11 

Comparison of Linewidth P a r a m e t e r s  a t  183.3 1 Gc 

Rusk Group 1 Group 2 

ky2 (Mc/mm) 3.8 f 570 4.7 f 0.3 4.1 f 0.3 

22  f 2 
0 

k l l  (Mc/mm) 19.0 f 5% 24 f 2 

In  view of the la rge  difference i n  pressure  under which these measurements  
were  made i t  is probably m o r e  profitable to emphasize the agreement in  the 
data  r a the r  than their  differences. Here again the conclusion is inevitable 
that the l ine shape theory is adequate to descr ibe absorption nea r  transit ions,  
and that, provided the background is subtracted out, the same linewidth 
pa rame te r  s e r v e s  all experimental  conditions. 
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111. LOSS MEASUREMENTS 

A. INTRODUCTION 

T h e r e  have been indications i n  the l i terature  

ON O2 

(References 14 and 15) that 
anomalies observed i n  the atmospheric absorption between 110 to  140 Gc 
may be due to a n  interaction of H 2 0  on O2 near  the oxygen absorption line 
a t  118.75 Gc. At present,  the capabilities of the resonant cavity do not per -  
mit  measurements  i n  the wing region of this line but a n  anomalously la rge  
effect i n  the wings should a l so  result  in  a n  excessive broadening near  the 
line center  where the sensitivity of the cavity is adequate. 

B. EXPERIMENTAL METHOD AND RESULTS 

In these experiments another technique was found expedient which pe r -  
mitted the evaluation of the effect of H 2 0  on 0 2  i n  t e r m s  of that of N2 and 
of the self-broadening of 0 2 .  

The cavity was tuned to 118.760 Gc and the attenuator adjusted fo r  a 
full response on the oscilloscope screen. Ten mil l imeters  of 0 2  were  then 
admitted into the cavity and the amplitudes of the attenuator were  read. Ten 
mi l l imeters  of H20,  Nz,  o r  0 2  were  then added and the amplitudes were  
again read. Using Equation (18) at ( u  - UO) z 0 gives 

where the subscript  1 r e f e r s  to 0 2  

0 and p '  = p so that, For pu re  02, k12 = kyl 0 1 

Th i s  is independent of p re s su re  so that the amplitude does not change. 
Th i s  s tep was  used to check on the ins t rument ' s  performance in  this s e r i e s  
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of tes ts .  Fo r  N2, i t  has  been shown by A r t m a n  (Reference 26)  that kql  2 
k:2 s o  that f rom Equation (12a) 

and therefore, on adding 10 m m  of N 2  to 10 m m  of O2 

s o  that the lo s s  now is cut in half. This,  too, was  used as a check. 

When 10 m m  of H20  were  added to  10 mm of 0 2 ,  the  amplitude dropped 
by the same amount, indicating that the c r o s s  section fo r  H20  collisions 
with O2 is not significantly l a r g e r  than that fo r  the other  two gases .  

C. NEED FOR ADDITIONAL WORK 

A s  is well documented in the l i t e ra turz  (Reference 27)  the absorption 
line at 118.75 Gc of O2 is of a magnetic origin and the oxygen molecule 
which has  only a weak quadrupole moment can not be expected to interact  
strongly with the electr ic  dipole on H20.  The above resul t  is, therefore,  
not surprising, and fur ther  work is required to determine the origin and 
nature of the anomaly which has  been reported.  
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IV. SPECTROSCOPIC INVESTIGATION 

A. INTRODUCTION 

The  purpose of spectroscopic efforts i n  this program is to provide infor- 
mation about the energy levels  and transit ions i n  the molecules which con- 
tr ibute to atmospheric absorption. Together with the information on l ine-  
width at  atmospheric p re s su re  obtained i n  the resonant cavity, such data 
provide means f o r  calculating losses  at frequencies not yet reached and at  
points of the spectrum i n  between those at  which measurements  have been 
taken. 

Efforts w e r e  concentrated on three molecules: 02, H20, and N 0 2 .  To 
date, these  efforts a re  not sufficiently advanced to provide comprehensive 
new details  on these systems.  The salient features  of the spec t ra  of these 
molecules and the status of the w o r k  wi l l  be described below. 

B. SEARCH FOR ROTATIONAL LINES IN O2 

A s  pointed out i n  Chapter 111, Section C, the O2 molecule has  no electr ic  
dipole and its spectrum i n  the mil l imeter  region consis ts  pr imar i ly  of 
t ransi t ions i n  which the electronic spin alignment with respect  to the total 
orbi ta l  angular momentum changes by one unit. These  transit ions l ie  i n  a 
band about 60 Gc except f o r  one line at  118.75 Gc and have been extensively 
studied. (References 2 and 3 . )  

Because of the perturbation of the wave functions of 0 2  by the electron 
spin, the orbi ta l  angular momentum N of the molecule is not a good quantum 
number and AN = 2 transit ions between the levels  usually denoted by N+, 
0, - are possible (Reference 28). Mizushima (Reference 29) has  predicted 
three such transit ions (Table IV). 

- 

The intensity of the strongest one of these l ines  (1+ + 3 ) is given by him 
as roughly 10 t imes  the intensity of the (1+ + 10) l ine i n t h e  magnetic 
spectrum. This  would s t i l l  make i t  a relatively weak l ine* and i n  view -or-  
the small amount of power available at that frequency, special  efforts must 

:k The absorption a t  the peak of these l ines  would be comparable to the 
l o s s e s  i n  the gaps between the H 2 0  absorption l ines.  
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TABLE rv 

2 Rotational Transi t ions Predicted i n  0 

Frequency Relative 
Transit ion i n  mc  Strength 

368,447 0.55 l o +  3 - 
424,6 13 9.12 1+- 3 - 

487,199 7.94 0 1 + -  3 

be made i n  the search  for  it.  F o r  one thing i t  is advantageous to cool the 
cell; secondly, since the O2 molecule is magnetic, Zeeman modulation and 
synchronous detection may be employed. The sea rch  f o r  this line w a s ,  
therefore,  made i n  an existing absorption cel l  which had provisions fo r  
cooling and Zeeman modulation. A number of problems developed par t ic -  
u la r ly  i n  connection with cooling, such a s  condensation on the windows and 
an inconveniently high consumption of coolant. These  difficult ies made the 
use  of this par t icular  cel l  very tedious. In addition, calculations showed 
that the predicted strength of the line would make a longer cel l  desirable.  

Since the effort on O2 competed fo r  men and mater ia l s  with more  im-  
portant and promising investigations on H20, i t  w a s  decided to postpone 
this phase of the work until a new cel l  could be made available. 

C. THE H20 MOLECULE 

1. Line Positions 

H 2 0  is an asymmetr ic  top molecule which has  only a few l ines  in  the 
mil l imeter  region. In between these l ines  lie the "windows" i n  the atmos-  
phere and a complete knowledge of the molecule is, therefore ,  desirable .  

Two lines have been observed previously i n  the microwave region; these 
a r e  the 5-1 --c 6-5 transit ion at  22,235.1 Mc and the 22 --c 3-2 transit ion at  
183,310.0 Mc. These resonances and the ones extending into the shor te r  
wavelength region were  predicted f rom inf ra red  data. Since the energy 
values of these s ta tes  have only smal l  separat ions,  the resonances i n  the 
microwave and mil l imeter  regions cannot be predicted with precision f rom 
inf ra red  data. 



The energy level differences calculated f rom the infrared data  by Benedict, 
e t  a1 (References 30 and 31) give predicted values to three significant f igures .  
Values given by other  investigators do not a t ta in  this accuracy. 

The predicted and the observed resonances,  which occur  i n  the mic ro -  
wave and mil l imeter  regions, are  listed i n  Table V, together with their  
intensit ies.  Only the strongest of the allowed transit ions are listed. 

TABLE V 

Predicted and Observed Transit ions i n  H 2 0  Below 600 Gc 

Predicted Observed 
Frequency Frequency 

Transit ion (Gc)  Intensity (Gc) 

22.2 9.290 x 22.235 5 - 6  

2 2  -. 3 183.6 4.675 x 183.3 10 

*40 + 5 325.5 5.826 x 325.153 

*31 + 4 379.8 1.726 x 10-1 380.196 

55 -. 6 

-5 -1 

-2 

-4 

-3 

439.4 1.381 x 

442.2 2.835 x 

1 

65 -. 73 

449.0 1.714 x 10-1 

468.0 1.572 x l o m 2  54 -. 6 

44 + 5- 474.5 6.529 x l o m 2  

-1 *33 -. 4 

2 

0 

556.9 1.083 x 10 
l 1 +  1 -1 

448.000 

* Resonances observed during this repor t  period 

T h e  new l ines  found in  this report  period were  observed f rom the fol- 
lowing harmonics of the fundamental frequencies: 

5th and 6th of 76,039.6 and 63,366.3, respectively 
6th and 7th of 74,666.8 and 64,000.0, respectively 
5th and 6th of 65,030.7 and 54,192.1, respectively 
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F r o m  the table, i t  is seen that the l1 -, 1-1 transit ion is the strongest i n .  
intensity and should be observable once power is attained i n  the 550 to 560 
Gc region. With the possible exception of the 6 5  -, 73 transition, the o ther  
t ransi t ions not yet observed should be observable with sufficient power i n  
the regions of interest .  At one point during this investigation the 510 Gc 
l ine of OCS w a s  observed at the seventh harmonic of 72,922 Mc in a video 
presentation. 

2. Stark Effect on H 2 0  

The Stark effect was observed on three  of the microwave l ines.  The 
Stark ce l l  w a s  of the conventional type with center  septum located such that 
only AM = 0 transit ions occurred;  i.e., the e lec t r ic  vector  of the microwave 
field was paral le l  to the e lec t r ic  vector of the Stark field. The 325 Gc and 
448 Gc lines have not been observed through the Stark cell as yet. The  325 
Gc l ine is weak i n  intensity, and sufficient power w a s  not attained f o r  the 
s t ronger  448 Gc line. Both of these l ines  were  evidently attenuated too 
strongly i n  the conventional Stark cell. A new Stark cell has  been constructed 
employing a spli t  waveguide, thereby eliminating the center  septum. With 
this  type of construction, the electr ic  vector of the microwave field m a y  be 
perpendicular to the vector  of the Stark field result ing in  
o r  i t  may be used f o r  AM = 0 transitions. If the transit ions are not a t ten-  
uated too strongly in  this type cell ,  i t  will  be possible to detect some of the 
weak predicted l ines  by a Stark modulation detection system. 

= f 1 transi t ions 

Second o rde r  Stark effects a r e  general ly  applicable to the asymmetr ic  
rotor .  The en t i re  Stark energy is given as: (Reference 32) 

WJ7M = 
c 

x= a, b, c 2 J + 1  c' 
7 '  

. .  

2 2  

J(2J- 1) 
J - M  

X 

'J7, J-17' 

w; -wo J- 1 
7 r '  

A 

( J+1)2  - M2 'J7, J + h '  -t- 
( J + l ) ( 2 J + 3 )  

w: - y + 1  . 

M2 
J ( J + l )  

+ 
X 
'J7J7' ~ 

7 7 '  

w; -w; 

7 7 'J 

where $ takes into account each component of the dipole moment along the 
principal axis of iner t ia ;  W i T  r ep resen t s  the unperturbed energy of the ro- 
tational state designated by JT; xS values are  tabulated s u m s  of the dipole 
mat r ix  elements, and is taken over  all states except J,. 

57 ' 

36 



F o r  the asymmetr ic  species ,  H 2 0  i n  particular,  the dipole moment is 
along the b axis ;  thus, allowing b type transit ions to be the most predom- 
inant .  Equation ( 2 2 )  is then calculated for the dipole moment along the b 
axis ,  Th i s  Stark energy fo r  the asymmetr ic  species  has  the general  fo rm 

= (45 + BJ M2) E2 
r 7 

wJ M 
7 

( 2 3 )  

For the asymmetr ic  spec ies  under consideration, the selection ru l e s  
on K- 1K1 f rom King, Hainer and Cross a r e  the following: ee  - 00 and 
eo - oe, where o and e stand fo r  odd and even, respectively. The sub- 
scr ip t  7 is obtained f rom the relation: 7 = K - K1. 

-1 

The data on the Stark effect (F igures  17 and 18) have not yet been fully 
evaluated and wi l l  not be reported here. Cri t ical  evaluation is necessary  
because of the uncertainties i n  the theoretical line s t rength due to the 
distortion of the molecule. 

v = 183 Gc 

v -  Stark Components 
E = 8,975 V/cm Identified by 

M Levels 

- 

Figure  17. Stark Effect in  H 2 0  at 183 Gc 
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Figure 18. Stark Effect in H 2 0  at 380 Gc 

D. NO2 

The  NO2 molecule is an  asymmetr ic  top with one unpaired electron. The 
unpaired electron spin in te rac ts  with the nuclear spin on (N14) to give a 
hyperfine s t ructure  (Reference 33) .  NO2 is found in  the upper  a tmosphere 
and i s ,  therefore,  of some interest .  A number of l ines  not previously r e -  
ported i n  the l i terature  were  found but no final ass ignments  have been made. 
This work is progressing as a continuing effort and will  requi re  fur ther  
experimental and theoretical  study. To date the following s e r i e s  of l ines  
have been c r o s s  checked f r o m  two different fundamental frequencies 
(Table VI) .  



TABLE VI 

Transi t ion Tentatively Assigned to N O  
2 

235,055.5 Mc 215,269.8  Mc 
235,030.6 Mc 215,262.9  Mc 
235,077.6  Mc 215,255.5  Mc 
235,510.2  Mc 215,246.6  Mc 

215,243.3  Mc 
215,236.4  Mc 
215,075.7  Mc 
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V. CONCLUSIONS AND RECOMMENDATIONS 

Planetary atmospheres  a r e  highly variable i n  content and physical s ta te  
and i t  would seem that data  of a general nature, which permit  the prediction 
of propagation charac te r i s t ics  under specific conditions and for  a variety 
of molecular species,are as important fo r  many problems as the actual 
absorption measurements  a r e  a t  ground level. 

F r o m  the absorption measurements  on H20, there  is a strong indication 
that the "windows" in a tmospheres  a r e  not nearly as transparent as one 
might be led to believe f rom measurements  on absorption l ines at low 
p res su res .  This  effect may be due to the deviation of line shapes from 
theoretical  models, o r ,  perhaps,  because of the formation of complexes in  
which l a rge  numbers of l ines could occur. Specific examples of induced 
non-resonant absorption in  C 0 2  and other non-polar gases  have been r e -  
ported by Maryott and Birnbaum, (Reference 34) and Heastie and Martin 
(Reference 3 5 )  have measured lo s ses  in the far infrared (30-100 cm'l) in  
N2. Gebbie and Stone (Reference 3 6 )  observed the rotation spectrum of 
C 0 2  due to  the induced dipoles at high pressures: 

. 

I t  is likely that small quantities of polar gases  i n  some planetary atmos- 
phe res  would cause ve ry  substantial losses  and the effects of polar  upon 
non-polar gases  is bound to result  i n  some interesting phenomena. 

At present ,  there  is considerable emphasis on covering the range to 
1000 Gc as quickly as possible. It would seem that the problems mentioned 
above should receive equal attention. I n  fact, the region above 500 Gc is 
difficult because no suitable sources  exist and at  the same  time, the feasi-  
bility of attacking pract ical  problems such as communications in  this region 
depends on such sources  also. The exploration of this region need not pro-  
ceed any  f a s t e r  than the capability of utilizing i t ,  par t icular ly  since there  
a r e  many interesting and important problems OQ the sidelines. 

In the pursuit  of higher frequency non-resonant measurements ,  problems 
arise in  connection with instrumentation. Since spectroscopy is not the 
p r i m e  purpose of the suppliers of hardware for  the submill imeter region, 
available equipment, power supplies for instance, a r e  not of a suitable 
quality and require  redesign. The absorption cells, in te r fe rometers  and 
components f o r  each new frequency range require  considerable modification, 
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redesign, and sometimes special  techniques and processes .  These  con- 
s iderat ions lead to the conclusion that the speed of p rogres s  of the physical 
measurements  is closely related to the availability of supporting p rograms  
dealing with hardware and components design and evaluation. 

It is therefore, recommended: 

1 That the program goals be broadened to include some of the in te res t -  
ing and mission related phenomena which can  be pursued with existing 
means such as induced absorption and absorption i n  mixtures  of polar  
gases. 

- 

2 That the institution of related supporting p rograms  i n  this laboratory 
be considered. Such programs should provide for  the construction 
and acquisition of sources ,  instruments ,  and components necessary  
f o r  obtaining quantitative monochromatic absorption data i n  the region 
f rom 500 to  1000 Gc. 

- 
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APPENDIX A 

LITERATURE SEARCH FOR ATMOSPHERIC ABSORPTION DATA 

The  s ta tus  of work performed i n  the past  on the absorption of e lectro-  
magnetic radiation by atmospheric constituents w a s  comprehensively re- 
viewed as la te  as 1962 by Evans, Backynski and Wacker of RCA (AD294452), 
in  1961 by Schmelzer of Lockheed (AD256896), and i n  1960 by W. T.  Hunt 
of Wright A i r  Development Center  (AD252126) and E. S. Rosenblum of 
MIT (AD242598). Each of these surveys contains an  extensive reference 
l is t  and a synopsis of the data available a t  that time. These  references,  as 
well  as those appended to this  report ,  reveal  that most of the experimental  
work on the magnitude of microwave absorption by H 2 0  and O2 in  the atmos-  
phere h a s  been done by the University of Texas,  Bel l  Telephone Laborator ies  
and the Naval Research  Laboratories.  

Among the experimental  data available f rom these sources  , the highest 
frequency employed is 190 Gc by the University of Texas.  Th i s  measure-  
ment, however, was not performed under rigorously controlled conditions. 
The data  were  obtained using a f r e e  space propagation range and a normal  
a tmosphere,  the charac te r i s t ics  of which could only be approximated. These  
data,  therefore ,  are of limited value i n  the determination of l ine param-  
e t e r s  of H20  and 0 2  and the prediction of higher frequency resonances.  

The  University of Texas does have super ior  instrumentation (500 foot 
absorption cell) f o r  making measurements  under controlled conditions and 
is cur ren t ly  instrumenting to obtain data i n  the region of the 183.3 Gc water 
vapor resonance line. 

The most  recent work on l ine breadth studies a t  183.3 Gc w a s  performed 
by J. R. Rusk of Aerospace Corporation. These constitute the most  prec ise  
data  available on self and foreign gas  broadening of H 2 0  at  183.3 Gc, out- 
s ide of the work performed on this contract. 

A s  the l i t e ra ture  a l so  indicates, some work has  been done on the location 
of 'molecular  resonance frequencies of atmospheric constituents i n  the sub- 
mi l l imeter  and far inf ra red  regions from both the theoretical  and experi-  
mental  points of view. The applicability of existing theory (References 1 
and 41), however, depends heavily upon line pa rame te r s  obtained through 
labora tory  spectroscopic experimentation at  lower frequencies. 
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Extensive data have been obtained on oxygen in  the regions of 60 Gc and 
120 Gc under various conditions. The contribution by oxygen at  higher 
frequencies is negligible and, as a resul t ,  little o r  no data  exist  beyond 
120 Gc. 

The frequencies of the spec t ra l  l ines  of the e a r t h ' s  a tmospheric  con- 
st i tuents a r e  l isted by R. M. Vaillancourt (AD259918) f o r  the range extend- 
ing f rom 1 Gc  to 250 Gc. Higher frequencies are tabulated by Schmelzer 
(AD256896) and McCubbin (Reference 8) extending into the far infrared.  

Some work has  been done to extend theory and measurements  into the 
far infrared and submill imeter regions f rom the IR region using radiometr ic  
techniques and the equations of Van Vleck and Weisskopf. The works of 
Gebbie (Reference 13), Ryadov and Furashov (Reference 4), Yaroslavsky 
and Stanevich (Reference 9), and Zhevakin and Naumov (Reference 7), are 
typical of activity in  this a r ea .  

Based on constants derived f rom measurements  i n  the lower frequency 
regions,  Zhevakin and Naumov (Reference 7)  have calculated water  vapor 
resonant frequencies and absorption coefficients f o r  wavelengths extending 
f r o m  10 microns to 2 cent imeters  (60 Gc to 30,000 Gc). Using long wave- 
length infrared spectroscopic techniques under laboratory atmospheric 
conditions, Yaroslavsky and Stanevich (Reference 9) confirmed the work 
of Zhevakin and Naumov i n  the 20 - 2500 micron region (120  Gc to 15,000 
Gc). The data of Yaroslavsky and Stanevich indicate the presence of a tmos-  
pheric  windows near  0.35 m m  (858 Gc) and i n  the region 1 m m  to 1.5 m m  
(300 Gc to 200 Gc). Low attenuation is a l so  shown at frequencies below the 
183.3 Gc w a t e r  vapor line ( A  = 1.64 mm).  

Using the methods of radio astronomy Ryadov and Furaskov (Reference 
4 )  made detailed measurements  of the t ransparency of the atmosphere at  
a wavelength of 0.87 mil l imeter .  With some correct ions,  their  data  confirm 
those of Theissing and Caplan (Reference 14) in  the range 0.9 to 3.6 mm. 

In general, the work on atmospheric  attenuation i n  the far infrared i n -  
dicates  a maximum i n  the region of 3000 Gc, with a gradual reduction i n  
w a t e r  vapor losses  to about 0.5 db/kilometer a t  30,000 Gc (Reference 7). 

The bibliography has  been compiled i n  two sections: Contract documents 
and reports  available f r o m  ASTIA, and open l i t e ra ture .  No attempt has  
been made to l is t  all publications devoted to the absorption of e lectro-  
magnetic energy, An attempt has  been made to  l imit  the bibliography to 
publications devoted to attenuation by atmospheric  constituents above 30 
Gc, i.e., the mil l imeter  to far IR wavelength region. 

Notes on significant aspects  of some publications have been included. 



REPORTS AVAILABLE FROM ASTIA 

--D 98 763 
Rotational Frequencies and Absorption Coefficients of Atmospheric Gases  
S. N.  Ghosh - March 1956 
A F  Cambridge Research  Center  

AD 283 989 
Microwave Spectroscopy of Oxygen Molecule 
Boulder, Colorado University 
Masataka Mizushima - 3 1 August 1962 

AD 259 918 
Microwave Spectroscopic Data o n  the Ear th '  s Atmosphere Constituents 
R. M. Vaillancourt - Apri l  1961 
C anadian A rmame  nt Re s e a r c h  and De velopm e n t E s t abli s hme n t 

AD 243 242 
Survey of the Li te ra ture  on Mill imeter and Submillimeter Waves 
J e r o m e  Lurge, TRG Report - 129-SR-2 
ARDC, Bedford, Mass.  

AD 252 126 
Survey of Attenuation by the E a r t h ' s  Atmosphere at Mil l imeter  Radio 
Wavelengths 
Wade T. Hunt - November 1960 
Reconnaissance Laboratory,  Wright A i r  Development Division, A i r  Research 
and Development Command, USAFB, Wright-Patterson AFB, Ohio 

AD 236 962 
Resea rch  Studies i n  Connection with Microwave Spectrum of the O2 
M ol e cule  
Masataka Mizushima - 1 January - 31 March 1960 
Colorado University, Boulder 

AD 242 228 
Resea rch  Studies i n  Connection with Microwave Spectrum of the O2 
M ole cule 
Masataka Mizushima - 31 July 1960 . 

Colorado University, Boulder 

AD 243 352 
P r e c i s e  Measurement of the Microwave Absorption Frequencies  of the 
Oxygen Molecule 
Robert  W. Z i m m e r e r  and Masataka Mizushima - September 1960 
Colorado University, Boulder 

AD 211 287 
R e s e a r c h  Studies i n  Connection with Microwave Spectrum of the 0 2  
Molecule 
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Masataka Mizushima - 1 October - 31 December 1958 20 January  1959 
Colorado University, Boulder 

AD 220 118 
Research  Studies in  Connection with Microwave Spectrum of the O2 
Molecule 
Masataka Mizushima - 1 Apri l  - 30 June 1959 
Colorado University, Boulder 

AD 233 525 
Research  Studies in  Connection with Microwave Spectrum of the O2 
Molecule 
Masataka Mizushima - 1 October - 31 December 1959 
Colorado University, Boulder 

AD 229 084 
Research  Studies i n  Connection with Microwave Spectrum of the O2 
Molecule 
Masataka Mizushima, J. E. Drumheller  and A. D. Sanchez - 1 Ju ly  - 30 
September 1959 
Colorado University, Boulder 

AD 257 843 
Generation and Transmiss ion  of Electromagnetic Waves i n  the T e r r e s t r i a l  
Atmosphere 
P. J. Nawrocki and R. J. Papa - May 1961 
Geophysics Corp. of America,  Bedford, Mass.  

AD 403 908 
The  Microwave Spectrum of Oxygen i n  the E a r t h ' s  Atmosphere 
M. L. Meeks - 25 October 1962 
Lincoln Lab. MIT 

AD 404 207 
Design of Experiments fo r  Remote Microwave Probing of the Atmosphere 
B. R. Bean, R. L. Abbott and E. R. Westwater - 30 Apr i l  1963 
National Bureau of Standards, Boulder, Colorado 

AD 277 404 
Transmission Loss  i n  Radio Propagation: I1 
Kenneth A. Norton - June 1959 
National Bureau of Standards, Washington, D.C. 

AD 255 135 
Curves of Atmospheric-Absorption L o s s  f o r  U s e  i n  Radar  Range Calculation 
L. V. Blake - 23 March 1961 
Naval Research Lab., Washington, D.C. 
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AD 51 293 
Microwave Frequencies and Atmospheric P ro f i l e s  
Dudley Williams 
Ohio State University 

AD 410 571 
Absorption of L a s e r  Radiation i n  the Atmosphere 
Ronald K. Long - 31 May 1963 
Ohio State University, Research Foundation, Columbus 

AD 294 452 
The Radio Spectrum f rom 10 Gc to 300 Gc i n  Aerospace Communications 
Volume IV. Absorption i n  P lane tary  Atmospheres and Sources of Noise 
A. Evans,  M. P. Bachynski and A. G. Wacker - August 1962 
RCA Victor Co., Ltd. (Canada) 

AD 262 514 
Resea rch  Activities i n  Mill imeter Radiowaves and Geomagnetics 
31 July 1961 
Elec t r ica l  Engineering Research  Lab., 
University of Texas,  Austin 

AD 219 301 
Propagation Studies Between 18.0 and 25.5 kmc/s  
C. W. Tolber t ,  A. W. Straiton and C. 0. Br i t t  - 10 July 1959 
Elec t r ica l  Engineering Research  Lab., University of Texas,  Austin 

AD 254 460 
Calculated Values of Absorption Due to Water Vapor and Oxygen i n  the 
Mil l imeter  Spectrum 
C. W. Tolber t  and R. M. Dickinson - 20 February  1961 
Elec t r ica l  Engineering Research  Lab., 
University of Texas,  Austin 

AD 267 482 
Resea rch  on Mill imeter Wave Propagation at  High Altitudes 
30 November 1961 
Elec t r ica l  Engineering Research  Lab.  
University of Texas,  Austin 

AD 273 029 
Resea rch  on Mil l imeter  Wave Propagation at  High Altitudes 
28 Februa ry  1962 
E lec t r i ca l  Engineering Research  Lab., 
University of Texas,  Austin 

AD 407 421 
Attenuation and Emission of 58 to 62 kmc/s Frequencies  i n  the E a r t h ' s  
Atmosphere 
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31  March  1963 
Elec t r ica l  Engineering Research Lab., 
University of Texas,  Austin 

AD 414 410 
Atmospheric Absorption of Electromagnetic Radiation i n  the Frequency 
Region 120 to 132 kmc/s Part I1 
C. 0. Hemmi - 1963 
Elec t r ica l  Engineering Research  Lab., 
University of Texas,  Austin 

AD 246 528 
A Study and Analysis of Anomalous Atmospheric Water Vapor Absorption 
of Mill imeter Wavelength Radiation 
C. W. Tolbert - October 31, 1960 
University of Texas 

AD 414 361 
A Spectroscopic Measurement of the Resonant Absorption of Microwave 
Energy by Oxygen i n  the 2.5-Millimeter Wavelength Region 
A. E. Schulze - 1963 
Elec t r ica l  Engineering Research  Lab., 
University of Texas,  Austin 

AD 285 111 
Research  on Mill imeter Wave Propagation at High Altitudes 
31 August 1962 
Elec t r ica l  Engineering Research Lab., 
University of Texas,  Austin 

AD 237 109 
Radio Wave Absorption of Several  Gases  i n  the 100-117 kmc Frequency 
Range 
C. 0. Brit t ,  C. W. Tolbert ,  and A. W. Straiton - 10 May 1960 
Elec t r ica l  Engineering Research Lab., 
University of Texas,  Austin 

AD 403 887 
Research  on Electromagnetic Wave Propagation Effects in  Dynamic 
Situations 
Electr ical  Engineering Research  Lab., 
University of Texas,  Austin 

AD 227 989 
The Spectral  Band Between the Longwave Infrared and the Microwaves, 
Present Position and Tendencies of Development 
M. Vogel - January 1959 
Ministry of Supply, Great Bri ta in  
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-AD 256 896 
Total  Molecular Absorption i n  the Atmosphere for  Frequencies  Below 
380 kmc 
R. J. Schmelzer  - March 1961 
Lockheed Aircraf t  Corporation, Sunnyvale, California 

AD 2 1 1  881 
Research  Investigation Directed Toward Extending the Useful Range of 
the Electromagnetic Spectrum 
P. Kusch - 16 September - 15 December 1958 
Columbia Radiation Lab, New York, N.Y. 

AD 218 026 
Research  Investigation Directed Toward Extending the Useful Range of 
the Electromagnetic Spectrum 
P. Kusch - 16 December 1958 - 15 March 1959 
Columbia Radiation Lab., New York, N.Y. 

AD 225 123 
Resea rch  Investigation Directed Toward Extending the Useful Range of 
the Electromagnetic Spectrum 
P. Kusch - 16 March  - 15 June 1959 
Columbia Radiation Lab., New York, N.Y. 

AD 229 830 
Resea rch  Investigation Directed Toward Extending the Useful Range of 
the Electromagnetic Spectrum 
P. Kusch - 16 June - 15 September 1959 
Columbia Radiation Lab., New York, N.Y. 

AD 233 885 
Resea rch  Investigation Directed Toward Extending the Useful Range of 
the Electromagnetic Spectrum 
P. Kusch - 16 September - 15 December 1959 
Columbia Radiation Lab., New York, N.Y. 

AD 241 684 
Resea rch  Investigation Directed Toward Extending the Useful Range of 
the Electromagnetic Spectrum 
P. Kusch - 16 March  - 15 June 1960 
Columbia Radiation Lab., New York, N.Y. 

AD 251 220 
Resea rch  Investigation Directed Toward Extending the Useful Range of 
the Electromagnetic Spectrum 
R. Novick - 16 September - 15 December 1960 
Columbia Radiation Lab., New York, N.Y. 
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AD 256 477 
Research  Investigation Directed Toward Extending the Useful Range of 
the Electromagnetic Spectrum 
R. Novick - 16 December 1960 - 15 March 1961 
Columbia Radiation Lab., New York, N.Y. 

AD 272 605 
Research  Investigation Directed Toward Extending the Useful Range of 
the Electromagnetic Spectrum 
R. Novick - 15 December 1961 
Columbia Radiation Lab., New York, N.Y. 
Note: Absorption in Model Planetary Atmospheres 

AD 275 422 
Research  Investigation Directed Toward Extending the Useful Range of 
the Electromagnetic Spectrum 
R. Novick - 15 March 1962 
Columbia Radiation Lab., New York, N.Y. 

AD 400 457 
Detection of the Microwave ~ 2 7 -  Line of Molecular Oxygen Produced in  
the High Atmosphere 
W. Kahan - 7 July 1962 
Columbia Radiation Lab., New York, N.Y. 

AD 405 530 
Research  Investigation Directed Toward Extending the Useful Range of 
the Electromagnetic Spectrum 
R. Novick - 15 March 1963 
Columbia Radiation Lab., New York, N.Y. 

AD 415 961 
(No Ti t le )  
Final  Report - 1 May 1962 - 30 April  1963 
Columbia University, New York, N.Y. 

AD 418 059 
Research  Investigation Directed Toward Extending the Useful Range of 
the Electromagnetic Spectrum 
R. Novick - 15 June 1963 
Columbia Radiation Lab., New York, N.Y. 

AD 418 446 
Research  Investigation Directed Toward Extending the Useful Range of 
the Electromagnetic Spectrum 
R. Novick - 15 J u n e  1963 
Columbia Radiation Lab., New York, N.Y. 



AD 414 123 
Theory  of Absorption Line Shapes i n  Monatomic Gases .  I: General  
Formulation and Approximate Solutions 
Hisao Takebe, Gene P. Reck and C. Alden Mead - 1962 
Minnesota University School of Chemistry,  Minneapolis , Minn. 

AD 262 030 
Research  in  Microwave Spectroscopy 
John Sheridan - 31 December 1960 
Birmingham University, (Great  Britain) 

AD 242 598 
Atmospheric Absorption of 10-400 kmcps Radiation: Summary and 
Bibliography to 1960 
E. S. Rosenblum - August 15, 1960 
Massachuset ts  Institute of Technology, Cambridge , Mass.  
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APPENDIX B 

COMPILATION OF ATMOSPHERIC ABSORPTION DATA 
AND EXTRAPOLATION TO 1000 Gc 

The re ferences  cited i n  Appendix A contain numerous compilations , 
experimental  as well  as theoretical ,  of atmospheric absorption data as 
functions of altitude and frequency. 

The most  complete data consistent with the pa rame te r s  measured i n  
this  work are those of Schmelzer (AD 256896) and these are included for  
convenience with this report .  (Tables VII, VIII, and E.) 

Extrapolations to  1000 Gc have been made by Zhevakin and Naurnov::. 
These have been amended in the light of data reported here ,  and a r e  shown 
in F igure  19. 

* "Coefficient of Absorption of Electromagnetic Waves by Water Vapor in  
I 1  the Range lop to 2 cm; Russian translation, (Izvestia Vuzov NVSSO, 

SSSR, Radio FIZIKA, 1963, 6, 4, 674) 
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TABLE VII 

Atmospheric Absorption, Oxygen 

Attenuation Coefficient (db/km) 
at  Indicated Frequencies  (mc) Altitude h 

(km)  60,435 60,439 6 0,440 60,46 5 

0 
5 
10 
15 
20 
25 
30 
35 
40 
50 
60 
70 
80 
90 
100 

16.14 
13.64 
12.20 
9.94 
9.12 
8.90 
8.02 
7.24 
6.44 
4.94 

3.74 
1.48 
0.266 
0.040 

- 

16.122 16.118 
13.60 13.58 
12.14 12.12 
9.90 9.88 
9.02 8.96 
8.44 8.22 
6.26 5.56 
3.12 2.36 
0.995 0.674 
0.078 0.0498 
0.0128 0.0082 
0.002 0.0014 
0.0004 - 
0.00006 - 
0.00001 - 

16.00 
13.30 
11.64 
8.78 
5.64 
2.22 
0.478 
0.0972 
0.0212 
0.00142 - 

- 

Source: AD 256 896 , page 2-7 Schmelzer ,  Lockheed 196 1 
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TABLE VI11 

W a t e r Vapor A t t e nu at i on 

Altitude h Attenuation (db/km) at Indicated Frequencies v (kmc) 
(km) 18.0 22.25 30.0 37.5 60.0 184.4 210.0 

0 0.0418 
1 0.0278 
2 0.0169 
3 0.0103 
4 0.0055 
5 0.003 1 
6 0.0015 
7 0.0008 
8 0.0004 
9 0.0002 

10 0.0001 
11 0.0000 
12 0.0000 

0.159 
0.12 1 
0.0842 
0.0600 
0.0371 
0.0248 
0.0146 
0.0092 
0.005 1 
0.0030 
0.0015 
0.0009 
0.0006 

Total db 0.0874 0.44 1 

0.0643 
0.0417 
0.0248 
0.0149 
0.0078 
0.0043 
0.002 1 
0.001 1 
0.0005 
0.0002 
0.0001 
0.0000 
0.0000 

0.130 

0.06 13 
0.0397 
0.0237 
0.0142 
0.0075 
0.0042 
0.002 1 
0.0011 
0.0005 
0.0002 
0.0001 
0.0000 
0.0000 

0.125 
0.0816 
0.0491 
0.0296 
0.0157 
0.0088 
0.0044 
0.0023 
0.00 11 
0.0005 
0.0002 
0.0001 
0.0005 

27.9 
22.1 
16.1 
12.0 

7.77 
5.43 
3.35 
2.23 
1.29 
0.8 15 
0.44 1 
0.258 
0.180 

2.27 
1.48 
0.894 
0.54 1 
0.287 
0.162 
0.081 
0.043 
0.020 
0.010 
0.004 
0.002 
0.001 

0,124 0.256 85.7 4.66 

Altitude h Attenuation (db/km) at Indicated Frequencies v (kmc) 
(km) 222.3 270.0 324.0 333.0 341.0 354.0 380.0 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

2.33 
1.52 
0.9 17 
0.556 
0.295 
0.167 
0.083 
0.044 
0.020 
0.010 
0.004 
0.002 
0.00 1 

4.25 
2.78 
1.67 
1.014 
0.541 
0.303 
0.152 
0.080 
0.037 
0.018 
0.008 
0.004 
0.002 

37.81 
28.44 
19.75 
14.06 
9.73 
5.84 
3.46 
2.21 
1.226 
0.745 
0.396 
0.223 
0.019 

13.32 
8.97 
5.63 
3.44 
2.05 
1.113 
0.567 
0.305 
0.143 
0.07 1 
0.030 
0.014 
0.004 

12.05 
7.93 
4.81 
2.93 
1.61 
0.88 1 
0.44 1 
0.233 
0.108 
0.053 
0.023 
0.010 
0.005 

13.9 
9.11 
5.49 
3.32 
1.78 
0.993 
0.496 
0.26 1 
0.12 1 
0.060 
0.025 
0.0 12 
0.006 

289 
22 7 
164 
12 1 
77.6 
53.7 
32.8 
21.5 
12.3 
7.69 
4.10 
2.38 
1.67 

Total  db 4.79 8.74 104.6 28.8 25.0 28.6 869. 
~ ~~~ ~ 

Source: AD 256 896, Page 3-12 Schmelzer, Lockheed 1961 
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. TABLE IX 

Total Atmospheric Absorption (db/km) 
~~~ ~ ~ ~~ 

Range of 
Altitude h Absorption at Indicated Frequencies v 

(km) (mc)  

0 to 100 
10 to 100 
15 to 100 
20 to 100 
25 to 100 
30 to 100 
35 to 100 
40 to 100 

60,435 60,439 60,440 

585 578 575 
447 2 20 209 
392 166 155 
345 119 108 
299 75.7 65 
257 35.3 29.1 
2 19 14.7 10.6 
185 

60,465 

504 
114 
63 
26.5 
7.4 
1.57 
0.387 

Source: AD 256 896, Page 2-11, Schmelzer,  Lockheed, 1961 
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---- Modification on the 
basis of data in this 
report. 
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Figure 19. Approximate Peaks  and Windows i n  Atmospheric Attenuation, 
p = 760 mm Hg, 50 Percent  Humidity (After Zhevakin and Naumov) 
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APPENDIX C 

CONTRACT NASW-963 
STATEMENT OF W ~ R K  

Phase  I 

P e r f o r m  a n  analysis  and comparison of the Q predicted fo r  the Fabry-  
P e r o t  in te r fe rometers  to be developed with that necessary  to make useful 
measurements .  . 

Phase  I1 
1 

Measure  the absorption of oxygen and water  vapor i n  the presence of 
g a s e s  such as nitrogen, carbon dioxide and ammonia. 

Task  1 

Sea rch  fo r  rotational transit ions of oxygen a t  368, 424, and 487 giga- 
cycles  and measu re  the linewidths as a function of p r e s s u r e  and temperature .  

Task  2 

Study in te r fe rometer  measurement-techniques and associated com- 
ponents fo r  which development is needed. 

Task  3 

Measure  the absorption due to water vapor  i n  the windows nea r  140, 
250,  340 and 400 gigacycles. 

Task  4 

Compile and plot data  of absorption below 500 gigacycles as a function 
of altitude and extrapolate this data to project what might be expected at  
f requencies  up to 1,000 gigacycles. 
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